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Hirata H, Tatsumi H, Lim CT, Sokabe M. Force-dependent vinculin
binding to talin in live cells: a crucial step in anchoring the actin cytoskeleton
to focal adhesions. Am J Physiol Cell Physiol 306: C607-C620, 2014. First
published January 22, 2014; doi:10.1152/ajpcell.00122.2013.—Mechanical
forces play a pivotal role in the regulation of focal adhesions (FAs)
where the actin cytoskeleton is anchored to the extracellular matrix
through integrin and a variety of linker proteins including talin and
vinculin. The localization of vinculin at FAs depends on mechanical
forces. While in vitro studies have demonstrated the force-induced
increase in vinculin binding to talin, it remains unclear whether such
a mechanism exists at FAs in vivo. In this study, using fibroblasts
cultured on elastic silicone substrata, we have examined the role of
forces in modulating talin-vinculin binding at FAs. Stretching the
substrata caused vinculin accumulation at talin-containing FAs, and
this accumulation was abrogated by expressing the talin-binding
domain of vinculin (domain D1, which inhibits endogenous vinculin
from binding to talin). These results indicate that mechanical forces
loaded to FAs facilitate vinculin binding to talin at FAs. In cell-
protruding regions, the actin network moved backward over talin-
containing FAs in domain D1-expressing cells while it was anchored
to FAs in control cells, suggesting that the force-dependent vinculin
binding to talin is crucial for anchoring the actin cytoskeleton to FAs
in living cells.
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CELL ADHESION TO EXTRACELLULAR matrices (ECMs) is crucial for
cellular morphogenesis, migration, proliferation, and differen-
tiation. Cell-to-ECM adhesion is primarily mediated by the
transmembrane ECM receptors integrins. Integrin molecules
are clustered at focal adhesions (FAs), where the actin cyto-
skeleton is anchored to the ECM through integrin clusters and
plaques of a variety of linker proteins (16). There is bidirec-
tional transmission of forces at FAs between ECM and the
actin cytoskeleton (30). Thus FAs sustain tensile stress gener-
ated in the actin cytoskeleton. When integrin-actin cytoskele-
ton linkage is dissected, actin stress fibers are retracted and
FAs are disassembled (37, 43, 53, 54), indicating that the
linkage is crucial for maintaining the integrity of FAs.
Molecular processes of formation of integrin-cytoskeleton
linkages have been extensively studied. Talin has both B-in-
tegrin- and actin-binding sites (9) and initially forms a molec-
ular bond between ECM-bound integrin and the actin cytoskel-
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eton in fibroblasts (17, 34, 65). The talin-mediated link be-
tween the actin cytoskeleton and clustered integrin is broken
repeatedly by a small force of ~2 pN generated by the
retrograde flow of actin filaments (34). On the other hand, the
integrin-actin cytoskeleton linkage is strengthened when a
mechanical force is loaded to it (7, 61). The strengthened
linkage can sustain much larger forces (~20 pN), which
prevents the slippage between the actin cytoskeleton and in-
tegrin clusters (7).

Vinculin also plays an important role in mediating the
integrin-actin linkage because vinculin-deficient cells exhibit
weaker linkage (1, 11). Vinculin binds to talin via its NH»-
terminal domain D1, while its COOH-terminal tail domain has
an actin-binding site (19, 32, 66). Talin has up to 11 vinculin-
binding sites (VBSs) in its rod domain (20). Some of the VBSs
are buried in the bundles of amphipathic helices (12, 49) and
are biochemically inactive in the native form (49, 51). How-
ever, molecular dynamics simulations have predicted that me-
chanical forces can expose such cryptic VBSs in the talin rod
domain (29, 42). Indeed, application of a force to a single talin
rod domain increases the number of vinculin head domains
bound to the rod in vitro (10).

Vinculin localizes poorly at FAs in talin-deficient cells (17,
65), and the talin-binding domain of vinculin (domain D1) is
localized at FAs when expressed ectopically (6, 27). These
observations suggest that vinculin binds to talin at FAs. The
effect of forces on the localization of talin and vinculin has also
been examined. A reduction in the actomyosin-based force at
FAs decreases the amount of vinculin at FAs (3), whereas
external forces applied to FAs induce accumulation of vinculin
at FAs (14, 55). This suggests that vinculin is localized to FAs
in a force-dependent manner. In contrast to vinculin, the
localization of talin at FAs is not affected by actomyosin-based
forces (25, 40, 50).

These previous results support a model in which the force
exerted on talin-containing FAs exposes the VBSs in talin,
which facilitates vinculin localization at FAs and strengthens
the linkage between integrin and the actin cytoskeleton (47).
However, it has not been tested whether the talin-vinculin
binding at FAs is really modulated by mechanical forces in
living cells, and the role of this binding in the integrin-actin
cytoskeleton linkage has not been explored in detail. In this
study, we examined whether /) the mechanical force applied
on FAs increases the amount of vinculin bound to talin at FAs,
and 2) the talin-vinculin binding strengthens the integrin-actin
cytoskeleton linkage at FAs. Human foreskin fibroblasts,
which have been used for studies on force-dependent regula-
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tions of FAs (3, 25, 35), were cultured on elastic silicone
substrata, and mechanical forces were applied to FAs by
stretching the substrata. Our results showed that the tensile
force on the actin-talin-integrin linkage facilitates the talin-
vinculin binding at FAs, which could be a critical step in
strengthening the linkage between the actin cytoskeleton and
integrins.

MATERIALS AND METHODS

Cell culture. Human foreskin fibroblasts (HFFs) and HelLa cells
were cultured in Dulbecco’s modified Eagle’s medium (Sigma Chem-
ical, St. Louis, MO) supplemented with 10% fetal bovine serum
(Nipro, Osaka, Japan) at 37°C in 5% CO,. For immunofluorescence
experiments, HFF cells were grown for 15 h on glass coverslips or
elastic silicone (polydimethylsiloxane elastomer) chambers (Strex,
Osaka, Japan), which were precoated with 100 pg/ml fibronectin
(Sigma Chemical). In some cases, cells were treated with 100 uM
blebbistatin (Toronto Research Chemicals, North York, Canada) or 40
M Y-27632 (Calbiochem, San Diego, CA) for 30 min.

Antibodies. Mouse anti-vinculin and -B-actin mAbs were pur-
chased from Sigma Chemical. Mouse anti-talin mAbs were from
Sigma Chemical and Chemicon (Temecula, CA). The rabbit anti-as-
integrin polyclonal antibody was from Chemicon. The mouse anti-
asfi-integrin mAb was from Millipore (Billerica, MA). The mouse
anti-green fluorescent protein (GFP) mAb was from Clontech Labo-
ratories (Mountain View, CA). Control mouse IgG1 was from R&D
Systems (Minneapolis, MN). Alexa488-chicken anti-rabbit IgG, Al-
exa546-goat anti-mouse IgG, and Alexa594-chicken anti-rabbit IgG
antibodies, and Alexa488- and Alexa647-phalloidin were from Mo-
lecular Probes (Eugene, OR). Horseradish peroxidase-conjugated
anti-mouse IgG antibody was from GE Healthcare (Little Chalfont,
UK). Horseradish peroxidase-conjugated Mouse TrueBlot ULTRA
was from eBioscience (San Diego, CA). The anti-vinculin mAb
hVIN-1 recognizes full-length vinculin, but not the vinculin domain
D1, in immunoblot (data not shown).

Plasmids and transfection. The vinculin domain D1 (amino acid
1-258) (19, 32) was amplified by PCR using mouse vinculin cDNA (a
gift from Cheng-Han Yu, National University of Singapore) (64) as a
template and subcloned into the pcDNA3-EGFP vector. The A501I
mutant form of the domain D1 was generated by the QuickChange
mutagenesis method (Agilent Technologies, Santa Clara, CA) using
primers 5'-CGCCGTGCAGGCGATCGTCAGCAACCTCGTC-3" and
5'-GACGAGGTTGCTGACGATCGCCTGCACGGCG-3'. pcDNA3-
EGFP and pcDNA3-a-actinin-1-mCherry were provided by Hiroaki
Machiyama (National University of Singapore).

For introducing EGFP, EGFP-D1, EGFP-vinculin, and/or o-ac-
tinin-mCherry into HFF cells, cells were transiently transfected with
their expression plasmids using the Lipofectamine 2000 transfection
reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instruction.

Fluorescence microscopy and image analysis. For immunofluores-
cence, cells were fixed and permeabilized for 30 min with 4%
formaldehyde and 0.2% Triton X-100 in cytoskeleton stabilizing
buffer (137 mM NaCl, 5 mM KCI, 1.1 mM Na,HPO,, 0.4 mM
KH,PO4, 4 mM NaHCOs3, 2 mM MgCl,, 5.5 mM glucose, 2 mM
EGTA, and 5 mM PIPES pH 6.1) (8). This was followed by blocking
with 1% skim milk (Becton-Dickinson, Franklin Lakes, NJ) in cyto-
skeleton stabilizing buffer for 30 min. The cells were then incubated
with primary antibodies for 40 min, washed, and further incubated
with secondary antibodies for 40 min. Antibodies were diluted to
1:100 in cytoskeleton stabilizing buffer containing 1% skim milk.

For live cell imaging, cells were observed in cell culture medium at
37°C in 5% CO.. The cells were observed with an epifluorescence
inverted microscope (IX81; Olympus, Tokyo, Japan) equipped with
an oil immersion objective (NA 1.45, X100; PlanApo; Olympus) and
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a charge-coupled device camera (CoolSNAP EZ; Photometrics, Tuc-
son, AZ). The Metamorph software (Molecular Devices, Sunnyvale,
CA) was used for image acquisition. Acquired images were analyzed
offline using the public domain software Image] (version 1.45f).

Fluorescence intensities of proteins at FAs were analyzed as
follows: all FAs were included for quantitative analyses except those
in the perinuclear area of which the background fluorescence intensity
was too high to perform precise measurements (data not shown). The
area of each FA was determined by counting the number of pixels
where fluorescence intensity was higher than the half maximum
fluorescence intensity of the FA. The mean fluorescence intensities of
FA proteins in the FAs were calculated for each cell and used for
ratiometric and correlation analyses. The ratio of the mean value of
vinculin (or talin) against that of as-integrin was then calculated. The
correlation analysis of fluorescence intensities of two different pro-
teins at FAs was carried out by plotting the mean value of one protein
against the mean value of the other (see Fig. 3). Cells highly express-
ing GFP-fused proteins were excluded from fluorescence intensity
analyses because cells expressing GFP-D1 at the extremely high level
were less well spread, and talin clusters did not show the typical
elongated shapes (data not shown) compared with control cells.

Kymographs were generated along lines placed in the direction of
retrograde actin movement in protruding regions of cells. The velocity
of actin cytoskeletal movement was calculated from these kymo-
graphs. Protrusion velocity was obtained from displacement of the
leading edge for 10 min.

Stretching-cell assay. Stretching-cell assays were performed as
described previously (25). In brief, cells grown on an elastic silicone
chamber were first treated with 100 wM blebbistatin for 30 min and
then uniaxially stretched by 50% for 3 min in the presence of
blebbistatin. When indicated, 10 wM cytochalasin D (Sigma Chemi-
cal) or DMSO were also added to the medium. The stretched cells
were used for immunofluorescence staining or immunoblotting. Vin-
culin accumulation at FAs was regained in ~80% of blebbistatin-
treated cells upon 40-50% stretch. However, only <10% of blebbi-
statin-treated cells showed vinculin accumulation at FAs after 20%
stretch, suggesting that a high magnitude of stretch was needed for
vinculin accumulation under the condition where the basal level of
tension was dropped by the myosin II inhibition.

Immunoblot. Cells were lysed with 2X lithium dodecyl sulfate
sample buffer (Invitrogen) containing 2.5% [-mercaptoethanol. The
lysate samples were resolved by SDS-PAGE (4-12% Bis-Tris gel;
Invitrogen), transferred onto a polyvinylidene fluoride membrane
(Millipore), and probed with antibodies. Immunoreactive bands were
detected with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific, Rockford, IL).

Protein cross-linking and immunoprecipitation. The anti-talin mAb
(Chemicon) and control mouse IgGl were covalently coupled to
protein G-conjugated magnetic beads (Invitrogen) with 20 mM di-
methyl pimelimidate-2 HCI (Thermo Fisher Scientific, Rockford, IL)
according to the manufacturer’s instruction.

HFF or HeLa cells were grown for 15 h on either 10-cm tissue
culture plates or 2 X 2 cm elastic silicone chambers, which were
pretreated with 40 uM Y-27632 or DMSO (control) for 30 min if
needed. Since the efficiency of DNA transfection into HFF cells is too
low (~20%), highly transfectable HeLa cells, whose transfection
efficiency was >90%, were used for the immunoprecipitation (IP)
experiments following DNA transfection. The silicone chambers were
subjected to a uniaxial 50% stretch for 3 min in the presence of
Y-27632, when indicated. The cells were washed three times with
warmed (ca. 37°C) standard external solution (SES; 140 mM NaCl, 5
mM KCl, 1.8 mM CaCl,, 0.8 mM MgCl,, 10 mM glucose, and 10
mM HEPES, pH 7.4) and then incubated for 30 min at 37°C with
0.5 mM dithiobis[succinimidyl propionate] (DSP; Thermo Fisher
Scientific), a membrane-permeable and thiol-cleavable NHS-ester
cross-linker, or DMSO in SES in the presence or the absence of 40
M Y-27632. The DSP concentration used here (i.e., 0.5 mM) was in
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the same range used in previous IP experiments of cell adhesion-
related proteins (28, 41, 56). Cross-linking reactions were quenched
with 1% glycine in cold SES for 15 min on ice. After being washed
twice with cold SES, cells were lysed with the lysis buffer (1% NP-40,
150 mM NacCl, 20 mM Tris, and 1 mM EDTA pH 8.0) supplemented
with the protease inhibitor cocktail (Sigma Chemical). The cell lysates
were incubated for 30 min on ice and then centrifuged for 40 min at
20,000 g. The protein concentration in the supernatants was measured
with the bicinchoninic acid (BCA) method (Thermo Fisher Scientific),
and the concentration was equalized among samples by adding the
lysis buffer. The concentration-adjusted supernatants were incubated
with antibody-coupled magnetic beads overnight at 4°C. The beads
were washed three times with the lysis buffer, and then, the precipi-
tated proteins were eluted with 2X lithium dodecyl sulfate sample
buffer (Invitrogen) containing 2.5% (-mercaptoethanol. IP samples
were subjected to immunoblot analyses using horseradish peroxidase-
conjugated Mouse TrueBlot ULTRA as a secondary antibody.

Statistical analysis. Numerical results were presented as means =
SD. Statistical significance was assessed using Student’s z-test.

RESULTS

Mechanical stretch of the cell substratum facilitates the
binding of vinculin to talin at FAs. Mechanical forces were
applied to FAs by stretching fibronectin (FN)-coated elastic
substrata to which HFF cells adhered. Cells were treated with
the myosin II inhibitor blebbistatin (57) to eliminate the basal
effect of actomyosin-generated forces. Vinculin was delocal-
ized from FAs upon treating cells with either blebbistatin or the
Rho kinase inhibitor Y-27632 (59) as reported previously (25,
40, 50), whereas talin and as-integrin were retained at FAs
(Fig. 1). In these cells, retained as-integrin presumably forms
a heterodimer with 3;-integrin and binds to FN at FAs (24, 25).

Vinculin was reaccumulated at FAs in blebbistatin-treated
cells when subjected to sustained uniaxial stretching (50%
stretch for 3 min) (Fig. 2, A, B, and D). By contrast, the
distribution of neither talin nor as-integrin was affected (Fig. 2,
C and E). Since inhibition of actomyosin contractility declined
basal tension in stress fibers (21, 25), relatively large stretch
was required for reaccumulation of vinculin in blebbistatin-
treated cells.

To examine the role of talin-vinculin binding in vinculin
accumulation at FAs, this binding was impaired by expressing
the talin-binding domain of vinculin (domain D1) (19, 32), and
the distribution of vinculin and talin was analyzed. The GFP-
tagged domain D1 (GFP-D1) was colocalized with talin at FAs
when expressed in HFF cells (Fig. 3, A and B), which is
consistent with the previous reports (6, 27). The current study
showed, for the first time, that endogenous vinculin was delo-
calized from FAs in GFP-D1-expressing cells (Fig. 3C); the
fluorescence intensity of endogenous vinculin at FAs was
negatively correlated with that of GFP-D1 (Fig. 3, D and E).
To check whether GFP-D1 interferes specifically with the
talin-vinculin binding, we examined the action of the A50I
mutant form of D1 (D1asor) on the localization of endogenous
vinculin at FAs, because the vinculin binding to talin is
impaired by the A50I mutation in vinculin in vitro (2). GFP-
Dlasor was scarcely accumulated at FAs compared with
GFP-D1 (Fig. 3C) and did not displace endogenous vinculin
from FAs as effectively as GFP-D1 did (Fig. 3, C-E), suggest-
ing that the interfering action of GFP-D1 on endogenous
vinculin was virtually specific. It is important to note that talin
accumulation at FAs was not affected by expression of

C609

GFP-D1 or GFP-D1asor (Fig. 3E and data not shown). These
results indicate that localization of vinculin at FAs is mediated
by the talin-vinculin interaction via the domain DI and
GFP-D1 acts as a dominant negative form of vinculin to
interfere with the talin-vinculin binding in cells.

Binding of a-actinin to the domain DI of vinculin in vitro
has been reported (4, 36). In our experimental condition,
however, GFP-D1 did not apparently colocalize with a-actinin
(Fig. 3F), suggesting that GFP-D1 does not interfere with the
interaction between endogenous vinculin and a-actinin at FAs
in vivo.

Cells expressing high levels of GFP-D1 were spread poorly,
and talin clusters in these cells showed abnormal shapes (data
not shown), whereas cells expressing GFP-D1 4501 or GFP were
normal in morphology and had talin clusters with typical
elongated shapes. These suggest that the talin-vinculin inter-
action plays a crucial role in cell spreading and protein assem-
bly at FAs.

GFP-D1 was localized at FAs in actomyosin-inhibited cells
as reported previously (6, 27), and the pattern of the localiza-
tion was not affected by uniaxial stretching of these cells (Fig.
4A). On the other hand, stretch-induced accumulation of en-
dogenous vinculin to FAs was abrogated in GFP-D1-express-
ing cells, whereas the accumulation was seen in control cells
expressing GFP (Fig. 4B). These results reveal that talin-
vinculin interaction is responsible for the stretch-induced vin-
culin accumulation at FAs and strongly suggest that the me-
chanical force loaded to FAs facilitates the binding of vinculin
to talin at FAs.

Connection of stress fiber-like structures to FAs is required
for the stretch-dependent vinculin accumulation at FAs. Actin
stress fibers are crucial for force transmission and mechano-
transduction at FAs (23, 25, 39, 43); stress fibers may transmit
forces to the talin-integrin-FN complexes thereby enhancing
the binding of vinculin to talin. The distribution of stretch-
dependent vinculin accumulation at FAs and the pattern of
stress fiber-like structures were examined in blebbistatin-
treated cells, where a small fraction of stress fiber-like struc-
tures were retained even after the drug treatment (Fig. 5A,
yellow arrows). Stretching caused vinculin accumulation at not
all of the FAs but only those associated with stress fiber-like
structures (Fig. 5, A and B). This was confirmed by analyzing
the fluorescence intensity profiles of as-integrin, vinculin, and
F-actin (Fig. 5C). By contrast, talin was accumulated at FAs
regardless of the presence or absence of stress fiber-like struc-
tures associated with FAs (Fig. 5, B and D). When the actin
cytoskeleton was disrupted by treating cells with cytochalasin
D, the stretch-induced vinculin accumulation at FAs was al-
most abolished (Fig. 5, E and F), while talin localization at FAs
was not affected (Fig. SF and data not shown). The correlations
presented in Fig. 5 do not address the direct interaction be-
tween talin and vinculin. However, together with the results
using D1 and Dl1asor domains in the above and following
sections, our observations support the idea that force-depen-
dent direct interaction between talin and vinculin is crucial for
the stretch-induced accumulation of vinculin at talin-contain-
ing FAs.

The width of vinculin or talin accumulations in the stretched
cells was often wider than that of the associated actin bundle
(e.g., the rightmost 2 peaks indicated by filled arrows in Fig.
5C, and the leftmost peak indicated by a filled arrow in Fig.
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Fig. 1. Delocalization of vinculin, but not talin, from focal adhesions (FAs) upon inhibition of myosin II. A and B: human foreskin fibroblasts (HFFs) cells were
treated without (Contl) or with 100 wM blebbistatin for 30 min (Blebb) and then double-stained for as-integrin (as) and either talin (Tal; A) or vinculin (Vin;
B). Merged images (green for as-integrin and red for vinculin or talin) are also shown. Bar = 50 wm. C and D: fluorescence intensity ratio of talin (C) or vinculin
(D) against as-integrin at FAs in control (Contl), blebbistatin-treated (Blebb), or Y-27632-treated (Y-27632) cells. Values were normalized with respect to the

mean values of control cells. Fluorescence images of Y-27632-treated cells, which were nearly the same as those of blebbistatin-treated ones, were not shown.
Each bar represents the mean s SD for >30 cells. *P < 0.001 (unpaired z-test).

5D); however, the underlying mechanism is not apparent at
present.

The modified immunoprecipitation assay suggests force-
dependent talin-vinculin complex formation. We conducted 1P
experiments to test whether the talin-vinculin complex forma-

tion was force dependent in cells. The effect of actomyosin
inhibition on talin-vinculin complex formation was not de-
tected using a conventional IP method (50); presumably the
protein complexes became unstable in cell lysates since actomy-
osin-dependent forces would no longer be loaded to these pro-
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Fig. 2. Stretching substrata induces vinculin accumulation at FAs but do not affect talin localization at FAs in myosin II-inhibited cells. A—C: HFF cells grown
on fibronectin (FN)-coated elastic substrata were treated with 100 wM blebbistatin for 30 min, and then the substrata were uniaxially stretched (50% for 3 min)
in the presence of blebbistatin. Cells without (Blebb) or with stretching substratum (Blebb + Stretch) were double-stained for as-integrin (a5) and either vinculin
(Vin) or talin (Tal). Double-headed arrows indicate the direction of the stretch axis. B: high magnification of the boxed area in A. Merged image (green for
as-integrin and red for vinculin) is also shown. Bars = 20 um in A and C and 10 pm in B. D and E: fluorescence intensity ratio of vinculin (D) or talin (E)
against as-integrin at FAs in blebbistatin-treated cells without (Blebb) or with stretching substratum (Blebb + Stretch). Values were normalized with respect to
the mean values of cells without stretching. Each bar represents the means = SD for >18 cells. *P < 0.001 (unpaired z-test).
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Fig. 3. Green fluorescent protein (GFP)-D1 acts as a dominant-negative form against talin-vinculin binding at FAs. A: HFF cells grown on FN were transfected with
GFP-D1 or GFP and then stained for talin (Tal). B: high magnification of the boxed area in A. Merged image (green for GFP-D1 and red for talin) is also shown. C: HFF
cells were transfected with GFP-D1, GFP-D1asor or GFP, and then stained for endogenous vinculin (Vin). *Cells expressing the exogenous molecules. D: averaged
fluorescence intensity of endogenous vinculin at FAs was plotted against that of GFP-D1, GFP-D1aso1, or GFP for each cell. Values were normalized with respect to
the maximum value on each axis. CC, correlation coefficient. E: correlation coefficients of averaged fluorescence intensities of endogenous vinculin vs. GFP-D1 (black
bars), GFP-D1asor (dark gray bars) or GFP (light gray bars). Correlation coefficients of talin vs. the same series of GFP-tagged proteins are also shown. Each bar
represents the mean * SD for 3 independent experiments. *P << 0.05 (unpaired -test). F: HFF cells grown on FN were cotransfected with GFP-D1 and a-actinin
(aA)-mCherry. Merged image (green for GFP-D1 and red for a A-mCherry) is also shown. Bars = 50 wm in A and C and 20 pm in B and F.
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Fig. 4. Inhibition of talin-vinculin binding abrogates the
stretch-induced vinculin accumulation at FAs. A: HFF
cells grown on FN-coated elastic substrata and trans-
fected with GFP-D1 were treated with 100 uM blebbi-
statin for 30 min, and then the substrata were uniaxially
stretched (50% for 3 min) in the presence of blebbista-
tin. Cells without (Blebb) or with stretching substratum
(Blebb + Stretch) were stained for as;-integrin. B:
HFF cells grown on FN-coated elastic substrata were
transfected with GFP-D1 or GFP and treated with 100
1M blebbistatin for 30 min. The substrata were uniax-
ially stretched (50% for 3 min) in the presence of
blebbistatin, and cells were stained for endogenous vin-
culin (Vin). *Cells expressing GFP-D1 or GFP. Yellow
arrows indicate vinculin accumulations. Double-headed
arrows indicate the direction of the stretch axis. Bars =
50 pm.

teins, and the protein complexes that require forces to keep them
together would be dissociated during the IP procedures. To pre-
vent the disassembly, cells were treated with the membrane-
permeable cross-linker DSP before the lysis for IP.

Talin was precipitated with the anti-talin antibody; however,
the amount of precipitated talin was reduced in the DSP-cross-
linked cell lysate compared with that in the non-cross-linked
one (Fig. 6A). One possible explanation of this is that the DSP
treatment may modulate the epitope recognition of the anti-
talin antibody. The amount of vinculin coprecipitated with talin
from the cross-linked lysate was larger than that from the
non-cross-linked lysate (Fig. 6, A and B), implying that certain
fraction of vinculin-talin complexes were cross-linked and
preserved during IP.

Coprecipitation of vinculin with talin from the cross-linked
lysate might be mediated through cross-linking these proteins
to a third protein(s), e.g., actin; the coprecipitation of vinculin
with talin might be indirect. To test the direct interaction
between talin and vinculin, the lysate from GFP-D1-expressing
cells was used for IP, which interferes with the binding.
Expression of GFP-D1, but not GFP-D1 450y, significantly de-
creased the amount of vinculin coprecipitated with talin (Fig. 6,
C and D), suggesting that the talin-vinculin direct interaction
substantially mediates the vinculin coprecipitation.

Cells were treated with Y-27632 before and during the
protein-cross-linking to examine the effect of actomyosin
inhibition on the amount of talin-vinculin complexes in
living cells. The yield of vinculin coprecipitated with talin
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and the ratio of precipitated vinculin against talin were of the cell substrata on the talin-vinculin complex was also

significantly decreased by Y-27632 treatment (Fig. 6, A and examined; the ratio of precipitated vinculin against talin was
B), indicating that the talin-vinculin complex formation significantly increased when cells were exposed to the
depends on the actomyosin activity. The effect of stretching uniaxial stretching (Fig. 6, E and F). These IP results
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Fig. 6. The amount of talin-vinculin complex is force dependent. A: HFF cells treated with or without 40 pM Y-27632 (Y) were incubated with or without 0.5 mM
DSP for 30 min to cross-link cellular proteins in the presence or the absence of 40 uM Y-27632. Lysates from these cells were subjected to immunoprecipitation (IP)
with the anti-talin antibody (Tal) or control IgG and then immunoblotted for vinculin (Vin) and talin (Tal). The DSP-mediated cross-link was cleaved by reduction with
2.5% B-mercaptoethanol when the precipitated proteins were eluted with lithium dodecyl sulfate sample buffer. The level of vinculin was higher in non-cross-linked
lysate and was declined in cross-linked ones, which could be in part due to some fraction of vinculin was partitioned together with F-actin into the insoluble fraction
in cross-linked lysates. B: quantification of the densitometric ratio of precipitated vinculin against talin shown in A. Each bar represents the means = SD for 4 independent
experiments. *P < 0.05 (unpaired -test). C: HeLa cells transfected with either GFP, GFP-D1, or GFP-D1asor were incubated with 0.5 mM DSP for 30 min. Lysates
from these cells were subjected to IP with the anti-talin antibody, and then immunoblotted for vinculin (Vin), talin (Tal), and GFP. D: quantification of the densitometric
ratio of precipitated vinculin against talin shown in C. Each bar represents the means = SD for 4 independent experiments. *P << 0.01 (unpaired #-test). E: HFF cells
grown on FN-coated elastic substrata were treated with 40 uM Y-27632 for 30 min, and then the substrata were uniaxially stretched (50% for 3 min) in the presence
of Y-27632. These cells under uniaxial stretch were treated with 0.5 mM DSP for 30 min in the presence of 40 WM Y-27632 (Y). Lysates from the cells with or without
stretching were subjected to IP with the anti-talin antibody and immunoblotted for vinculin (Vin) and talin (Tal). F: quantification of the densitometric ratio of precipitated
vinculin against talin shown in E. Each bar represents the means * SD for 3 independent experiments. *P << 0.05 (unpaired #-test).

suggest that the talin-vinculin complex formation in living bound integrins, but this talin-mediated link is relatively
cells is force dependent. weak and easily slips (34). On the other hand, the actin

Talin-vinculin binding is essential for anchoring the actin  cytoskeleton is stably anchored to FAs containing talin in
network to FAs. Talin links the actin cytoskeleton to ECM- intact cells. The hypothesis that force-dependent vinculin

Fig. 5. Stress fiber-like structures connected to FAs are required for stretch-induced vinculin accumulation at FAs. A and B: HFF cells grown on FN-coated elastic
substrata were treated with 100 M blebbistatin for 30 min, and the substrata were uniaxially stretched (50% for 3 min) in the presence of blebbistatin. A: cells without
(Blebb) or with stretching substratum (Blebb + Stretch) were double-stained for F-actin (F-actin) and vinculin (Vin). Double-headed arrows indicate the direction of
the stretch axis. Magnified and merged images (green for F-actin and red for vinculin) of two boxed areas in A are also shown. B: cells with stretching substratum were
triple-stained for as-integrin (aes), F-actin (F-actin), and either vinculin (Vin) or talin (Tal). Merged images are also shown. Double-headed arrow indicates the direction
of the stretch axis. Note that stretch-induced vinculin accumulation was observed virtually exclusively at FAs that were associated with actin bundles. Bars = 50 pm.
C and D: fluorescence intensity profiles of as-integrin (a5; red line), F-actin (F-actin; blue line), and either vinculin (Vin; green line in C) or talin (Tal; green line in
D) along two yellow lines in the as-integrin images of B. Values were normalized with respect to the maximum value in each profile. Filled arrows in C indicate
as-integrin-labeled FAs where stress fiber-like structures are associated and vinculin is accumulated. Open arrows in C indicate FAs that are deficient in association with
stress fiber-like structures. Filled and open arrows in D, respectively, indicate FAs with and without associated actin bundles, where talin is accumulated at
as-integrin-labeled FAs regardless of their association with stress fiber-like structures. E: HFF cells grown on FN-coated elastic substrata were treated with 100 wM
blebbistatin and either DMSO (Blebb + DMSO, control) or 10 uM cytochalasin D (Blebb + CytoD) for 30 min, and the substrata were uniaxially stretched (50% for
3 min). Cells were triple-stained for as-integrin (a5), F-actin (F-actin), and vinculin (Vin). Double-headed arrow indicates the direction of the stretch axis. Bar = 50
pm. F: fluorescence intensity ratio of vinculin (Vin/a5) or talin (Tal/a5) against as-integrin at FAs in cells that were treated with 100 M blebbistatin and either DMSO
(Blebb + DMSO, control) or 10 uM cytochalasin D (Blebb + CytoD) for 30 min and then uniaxially stretched (50% for 3 min). Values were normalized with respect
to the mean values of control cells. Each bar represents the means = SD for >30 cells. *P < 0.001 (unpaired #-test).
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A 0

Fig. 7. Inhibition of talin-vinculin binding
causes retrograde movement of the actin
network over talin-localized FAs. HFF cells
were cotransfected with a-actinin-mCherry
and GFP (A and C) for control or a-actinin-
mCherry and GFP-D1 (B, D, and E). A and
B: time-lapse images of a-actinin-mCherry
in a control cell (A) or in a GFP-D1-express-
ing cell (B). Individual «-actinin clusters
were indicated by arrows with different col-
ors. Elapsed time (in seconds) is shown
above the panels. Bar = 10 pm. C and D:
kymograph analyses of actin network move-
ment. Kymographs (right) were generated
along the yellow lines at left. Yellow arrows
in the kymograph indicate horizontal lines
showing stationary a-actinin clusters (C) or
downward-sloping lines showing o-actinin
clusters moving retrogradely (D). The red
arrowheads denote initial and final positions
of leading edges. Space bar (left and d in
kymographs), 10 wm, and time bar (t in Ky-
mographs), 5 min. E, leftmost 2 panels: images
of GFP-D1 (green) and a-actinin-mCherry
(e A-mCherry, red) in a cell protruding region.
Kymographs were generated along the yellow
lines in the leftmost panels. The green arrows
indicate horizontal lines corresponding to the
GFP-D1 clusters staying at the same place,
and the red arrows indicate downward-slop-
ing lines showing a-actinin clusters moving
in the retrograde direction. Kymograph
merged with colors is also shown. Space
bars (the leftmost 2 panels and d in kymo-
graphs) denote 10 pwm, and the time bar (t in
kymographs) 5 min. F: protrusion velocities
of cells coexpressing a-actinin-mCherry and
either GFP or GFP-DI1. All protruding re-
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recruitment to the talin-integrin-FN complexes is involved
in anchoring the actin cytoskeleton to FAs was examined by
impairing the talin-vinculin binding and by observing the
retrograde movement of the actin network in cell protruding
regions because the velocity of retrograde actin movement
is affected by mechanical connection between the actin
cytoskeleton and FAs (15).

Dynamic movement of the actin network was observed
using a-actinin-mCherry and analyzed. About 20-30% of cells
coexpressing a-actinin-mCherry and either GFP-D1 or GFP
had one or two protruding lamellae. Patches of a-actinin stayed
in the same position in protruding regions of control cells
expressing GFP (Fig. 7, A and C, arrows; Supplemental Movie
S1; Supplemental Material for this article is available online at
the Am J Physiol Cell Physiol website). By contrast, the actin
network moved backward (Fig. 7, B and D, arrows; Supple-

GFP-D1

mental Movie S1) at the rate of 3.8 £ 1.8 wm/min (means =*
SD; n = 16 protruding regions) in a-actinin-mCherry/GFP-
D1-expressing cells. Dynamic movements of the actin network
and talin clusters in protruding regions of GFP-D1-expressing
cells were examined in more detail by monitoring talin clusters
with GFP-D1. GFP-Dl-labeled talin clusters stayed in the
same position (Fig. 7E, green arrows at left of the kymograph;
Supplemental Movie S2) but the actin network moved back-
ward over the talin clusters (Fig. 7E, red arrows in the kymo-
graph; Supplemental Movie S2). Concomitantly with the back-
ward movement of the actin network, the protrusion velocity of
the leading edge was much lower in GFP-D1-expressing cells
than that of GFP-expressing cells (Fig. 7F). These results
support the idea that the talin-vinculin binding is essential to
anchor the actin network to FAs and ensures the protrusion of
leading edges.
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DISCUSSION

In this study, we observed that vinculin delocalized from
talin-containing FAs upon actomyosin inhibition and reaccu-
mulated at FAs by stretching the substratum. The accumulation
was presumably dependent on the interaction of vinculin with
talin. Stress fiber-like structures connected to FAs were nec-
essary for this stretch-dependent vinculin accumulation. On the
other hand, talin was retained at FAs in cells in which acto-
myosin-based force generation was inhibited, and the talin
localization was not affected by mechanical forces loaded to
FAs by substratum stretching. These results suggest that the
tensile force on the actin-talin-integrin linkage is essential for
the vinculin accumulation at FAs. This idea is also supported
by the findings that talin molecules at FAs are stretched
depending on the actomyosin activity in living cells (45), and
the amount of vinculin at individual FAs is in proportion to the
magnitude of traction forces exerted at the FAs (3). Our IP
results (Fig. 6), which showed that the talin-vinculin complex
formation was diminished by the expression of the talin-
binding domain of vinculin (domain D1), but not its AS50I
mutant and was augmented under the stretch, suggest that the
direct talin-vinculin binding is involved in the force-dependent
formation of the talin-vinculin complexes. Future studies using
fluorescence resonance energy transfer between talin and vin-
culin will bring further insights into the dynamic interaction
between talin and vinculin in living cells.

Full-length vinculin adopts a globular conformation through
the intramolecular interaction between the NH,-terminal head-
piece including the domain D1 and the COOH-terminal tail
region (66). In contrast to endogenous, full-length vinculin,
GFP-D1 localized at FAs regardless of actomyosin activity (6,
27, this study), and this localization was not affected by
stretching of substratum. Interestingly, the head-tail interac-
tion-defective mutant of vinculin, which adopts an extended
conformation, also localizes at FAs even in actomyosin-inhib-
ited cells (6). These results imply that the globular conforma-
tion of vinculin endows vinculin with the force-dependent talin
binding; the domain D1 in globular-shaped vinculin, but not in
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extended-shaped one, may not gain access to VBSs in talin due
to steric constraints unless these sites are fully exposed to a
force.

We previously reported that localization of zyxin at FAs is
force-dependent; zyxin was delocalized from FAs upon acto-
myosin inhibition, but the localization at FAs was restored by
uniaxial stretching of the substratum, and the localization was
dependent on the presence of stress fiber-like structure (25).
The localizations of vinculin and zyxin at FAs are regulated
distinctively because expression of a dominant negative form
of zyxin, which led to the dislocation of zyxin and its binding
partner vasodilator-stimulated phosphoprotein from FAs, did
not affect vinculin localization at FAs (25). The force-depen-
dent protein assembly at FAs might be regulated independently
among proteins.

The talin-mediated link between ECM-bound integrin mol-
ecules and the actin cytoskeleton is relatively weak and easily
slips (34). Our results suggest the slippage between talin and
actin filaments, because talin clusters were retained at FAs in
GFP-D1-expressing cells, while the actin network moved
backward (Fig. 7E). Once a talin molecule associates with the
moving actin network, the talin molecule will be stretched
between two binding sites for integrin and for the actin fila-
ment, and the link will be broken at the actin filament-talin
connection when the force exceeds 2 pN (Fig. 8, A and B).
During the association of talin with actin filaments (ca. 5 s)
(34), the talin molecule could be stretched by ~300 nm,
because the actin cytoskeleton moves at the velocity of 3.8
pm/min as shown in this study. This value agrees with the
observation that individual talin molecules in living cells are
transiently stretched by 350 nm in the direction of the actin
flow (45). The stretched talin molecule will expose multiple
VBSs (Fig. 8B) (10), which will lead to multiple vinculin
bindings to the VBSs. We show here that the vinculin binding
to talin is required for anchoring the actin network to talin
clusters at FAs in the cell-protruding regions. Since vinculin
has an actin-binding site in its COOH-terminal tail region and
the talin-binding domain D1 in its NH,-terminal headpiece

C

A retrograde flow B
actomyosin
force

stretch
PM shp
ECM

VBS
VBS

IO:).—

actin integrin

talin vinculin

Fig. 8. A model for force-dependent regulation of vinculin recruitment at FAs and anchoring the actin network. A and B: actomyosin-based force drives retrograde
flow of actin filaments. The force stretches talin molecules associated with integrin, and causes exposure of cryptic vinculin-binding sites (VBSs). The actin-talin
link slips as the force exceeds ca. 2 pN (B). The state (B) returns to the state (A) when the free actin-binding domain of talin binds again to an actin filament.
C: vinculin binds to the exposed VBSs via the domain D1 and to the actin filament via its tail domain. See DISCUSSION for more details. ECM, extracellular matrix;

PM, plasma membrane.
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(66), it can bind to both talin and actin and will strengthen the
actin-integrin connection mechanically as illustrated in Fig.
8C. In living cells, each vinculin molecule at adhesion sites is
loaded with a mechanical force of ~2.5 pN (22); i.e., the
talin-actin link could be reinforced by multiple vinculin mol-
ecules and would sustain a much larger force than a simple
talin-actin link can do. Consequently, vinculin-bound talin will
be maintained in a stretched state (45), contributing to further
stabilization of the talin-vinculin bond. This vinculin-rein-
forced “integrin-talin-vinculin-actin” linkage in parallel with
“integrin-talin-actin” one may anchor the actin network (Fig.
8C). The anchored actin network would provide a mechanical
basis to support the polymerizing actin filaments at the leading
edge and ensure the advancement of the leading edge.

The connection between the retrograding actin cytoskeleton
and stationary integrin clusters has been modeled as a molec-
ular clutch, where slip between the actin cytoskeleton and
integrin is regulated by linker proteins (5, 26, 44). Vinculin has
been suggested as a key player in the clutch model (33).
According to the clutch model, when the clutch is engaged, the
flow of the actin cytoskeleton is slowed down, and polymer-
izing actin filaments push the leading edge forward (18). Our
results suggest that vinculin binding to talin is essential for the
clutch engagement, and this binding is regulated by tension in
the actin-talin-integrin-ECM link. Our model shown in Fig. 8
agrees with the previous findings: /) the linkage between
integrin and the actin cytoskeleton is strengthened when this
linkage is mechanically loaded (7, 61), 2) talin is required for
the force-induced strengthening of this linkage (17), and 3)
neither the NH,-terminal nor the COOH-terminal fragment of
vinculin alone rescues lamellipodial expansion in vinculin-null
cells (63). Recently, Thievessen et al. (58) have reported that
the vinculin-actin binding retards the retrograde actin flow and
ensures the force transmission from the actin cytoskeleton to
ECM, which strongly supports our hypothesis.

Talin and vinculin are important not only for cell adhesions
under culture conditions but also for embryonic development.
Significance of mechanical regulation in tissue development
has also been discussed (31, 48). Vinculin knockout leads to
lack of midline fusion of the rostral neural tube (62), and talin
knockout causes a failure in gastrulation (46). All these defects
arise from improper cell adhesions, actin remodeling, and cell
migration (38). Lamellipodia protrusion and traction force
exertion at adhesion sites in the lamellipodia are crucial for
convergent extension, an essential step in neural tube fusion
and gastrulation, in which cells crawl between one another to
form a long, narrow array of the cells (60). Force-dependent
regulation of the actin-adhesion coupling through talin-vincu-
lin binding would be involved in ensuring lamellipodia protru-
sion during convergent extension. These points should be
examined in future studies.
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